Living things produce hard tissues such as bones, teeth and shells through precipitation of inorganic substances such as calcium carbonate (CaCO 3 ), hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) and silica (SiO 2 ) on organic matrices at ambient conditions. This phenomenon is called biomineralization. As a novel technique to develop inorganic-organic hybrid materials, biomimetic process which mimics the mechanism of the biomineralization have been attracting much attention. This paper reviews some trials to obtain inorganic-organic hybrids based on calcium carbonate and hydroxyapatite. Crystal structure and morphology of the calcium carbonate can be easily controlled according to the kind of organic polymers and metal ions added into calcium carbonate supersaturated solutions. In addition, various hydroxyapatite-polymer hybrids can be designed by using simulated body fluid (SBF) or more concentrated solutions that is supersaturated with respect to the hydroxyapatite. This type of biomimetic process is expected as a novel material design with low energy consumption and low load on environment.
INTRODUCTION
Living things produce hard tissues such as bones, teeth, shells and so on in their bodies. They are fabricated by precipitating inorganic substances such as calcium carbonate (CaCO 3 ), hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), silica (SiO 2 ) on organic templates and three-dimensionally assembling the formed complexes 1-6 . This phenomenon is called "biomineralization". These hard tissues therefore take a form of inorganic-organic hybrid. The tissues have attractive features such as high fracture toughness and high flexibility, as well as high strength. The characteristic of the biomineralization is that it progresses in supersaturated aqueous solutions at ambient conditions. As an example of biomineralization, Fig. 1 shows SEM photograph and schematic representation of cross-section of abalone shell. The abalone shell has layered structure composed of aragonite and conchiolin, a kind of protein.
The process inspired by the biomineralization enables fabrication of novel inorganic -organic hybrids with excellent mechanical performance and biological compatibility. Such a process is called "biomimetic process". In this process, composition and structure of the inorganic phase in the hybrids can be easily controlled by changing composition of the aqueous solutions. By means of the biomimetic process, various functional materials can be developed with simple equipments under mild conditions. In other words, the biomimetic process is a material design with low energy consumption and low load on environment.
CALCIUM CARBONATE-POLYMER HYBRIDS
Kato et al. investigated effect of organic polymers on biomimetic mineralization of CaCO 3 7-8 . Aqueous solutions supersaturated with CaCO 3 were prepared by bubbling CO 2 gas into CaCO 3 suspension and filtering excess CaCO 3 particles. Various kinds of water-soluble organic polymers such as polyacrylic acid and polyglutamic acid were added into the solutions. The solutions were then kept for various periods at ambient temperature.
Rhombohedral calcite was deposited in the solution without organic polymers, while spherical vaterite crystals were formed in the solution added with polyglutamic acid. No crystals were formed with addition of polyacrylic acid. These results are summarized in Fig. 2 . In the initial stage of the deposition of CaCO 3 , carboxyl groups strongly bind to Ca 2+ by ion-ion interaction 9 . The formed complexes are thought to play a role as nucleation site of CaCO 3 . It is speculated that interval of the carboxyl groups in the organic polymer would effect the crystalline phase of CaCO 3 . It was found that crystal phase and morphology of CaCO 3 can be controlled by the kind of organic polymer. Aragonite has the highest strength among CaCO 3 polymorphs, since it has no cleavage face. Addition of magnesium ions (Mg 2+ ) is known to induce selective aragonite nucleation 10 . Effect of Mg 2+ and organic polymers on CaCO 3 mineralization was then examined 11 . Magnesium salts as well as polyaspartic acid was added into the CaCO 3 supersaturated solution. Thin film of chitosan w as soaked in the solution. As a result, thin films of aragonite with content more than 95 mass% was formed on the chitosan films when Mg 2+ /Ca 2+ molar ratio was 6 and concentration of polyaspartic acid was 4.4x10 -4 mass%.
PREPARATION OF HYDROXYAPATITE-POLYMER HYBRIDS USING SIMULATED BODY FLUID (SBF)
Hydroxyapatite, main inorganic component of natural bone, is known as bone-bonding bioactive ceramics [12] [13] [14] [15] [16] [17] [18] [19] . Generally artificial materials implanted into bone defects are encapsulated with a fibrous tissue of c ollagen. This is a normal reaction for protecting our living body from foreign substances. Because of this, the implanted material is isolated from the surrounding bone and does not bond to the living bone. In contrast, hydroxyapatite ceramics make a direct bond to the living bone in vivo. They are clinically utilized as important bone substitutes in the fields of orthopedic surgery, neurosurgery and plastic surgery. In addition, hydroxyapatite can absorb various proteins, nucleic acid and cells by electrostatic interaction [20] [21] [22] [23] [24] . Based on this property, hydroxyapatite is utilized as columns for chromatography and filters of masks. However hard and brittle character of ceramics including hydroxyapatite limits its applications.
Natural bone is a kind of inorganic-organic hybrid that is three dimensionally fabricated from inorganic hydroxyapatite and organic collagen fiber, as shown in Fig. 3 25 . This specific microstructure achieves excellent mechanical performances of natural bone such as high strength, high f racture toughness and high flexibility. This fact brings us an idea that novel techniques to deposit hydroxyapatite on flexible organic polymers would open an avenue to wide application of hydroxyapatite ceramics.
Simulated body fluid (SBF, Kokubo solution) having ion concentrations analogous to those of human extracellular fluid is often used for biomimetic process to precipitate hydroxyapatite, as shown in Fig.  4 . SBF was originally developed for assessment of bioactivity of materials [26] [27] [28] . It is known that bioactive materials bond to bone through bone-like hydroxyapatite layer formed on their surfaces in the body. This type of hydroxyapatite formation can be observed on bioactive materials even in SBF. On the basis of the bone-bonding mechanism of the bioactive materials, SBF can be also used for hydroxyapatite coating on various materials.
This fluid is a metastable solution containing calcium and phosphate ions already supersaturated with respect to the hydroxyapatite. In order to accelerate of the hydroxyapatite deposition, 1.5SBF with ion concentrations 1.5 times those of SBF is also used. Ion concentrations of SBF is shown in Fig. 4 . The pH of SBF is adjusted to pH 7.25 at 36.5°C. When ability of the hydroxyapatite formation of the specimen is not so high, pH of SBF is sometimes adjusted to pH 7.40.
SBF is prepared as follows, using the bottles and wares which were all washed with HCl solution, neutral detergent and ion-exchanged distilled water. First, 700 cm -3 of ion-exchanged distilled water was put into a one liter polyethylene bottle, and was stirred with a magnetic stirrer, and the reagent-grade chemicals were added into the water, one by one in the order given in Fig. 4 , after each reagent was completely dissolved. The temperature of the solution in the bottle was adjusted at 36.5°C with a water bath, and pH of the solution was adjusted to desired pH by titrating 1 kmol·m -3 HCl solution. After adjusting pH, the solution was transferred from the polyethylene bottle to a volumetric glass flask. Ion-exchanged water was added to adjust the total volume of the solution at one liter, and the flask was shaken. The solution was transferred from the flask to a polyethylene or polystyrene bottle, and was stored in a refrigerator at 5 -10°C. The fluid can be preserved more than one month in a refrigerator.
In the biomimetic process, specific functional groups on material surfaces play a role in induction of heterogeneous nucleation of the hydroxyapatite. Fundamental studies on the hydroxyapatite formation induced by different functional groups have been examined by using metal oxide gels prepared by sol-gel process and self-assembled monolayers (SAMs). It is shown that the hydroxyapatite deposition is triggered by a catalytic effect of several functional groups such as Si-OH 27,29-30 , Ti-OH 30-31 , Zr-OH 32 , Ta-OH 33 , Nb-OH 34 , carboxyl group (COOH) 9 and phosphate group (PO 3 H 2 ) 9 , but not Al-OH group 30 and methyl group (CH 3 ) 9 . In addition, release of Ca 2+ from the materials significantly enhance the hydroxyapatite nucleation, since the released Ca 2+ increase the degree of supersaturation in the surrounding fluid with respect to the hydroxyapatite [35] [36] .
HYDROXYAPATITE-SYNTHETIC POLYAMIDE HYBRIDS
The present authors attempted to prepare hydroxyapatite-polyamide hybrids t hrough biomimetic process. Synthetic aromatic polyamide containing different amount of carboxyl groups was used as an organic polymer, as shown in Fig. 5 37 . The polyamide containing x mol% of carboxyl group was hereafter denoted as C(x). Films of the polyamide C(x) containing calcium chloride (CaCl 2 ) were prepared as follows 38 . Powders of C(x) and CaCl 2 were dissolved in N,N-dimethylacetamide. The solution was coated on a glass plate and dried in vacuo. The formed films were removed from the glass plate and soaked in 1.5SBF at pH 7.40 at 36.5°C. Fig. 6 shows SEM photographs of the surfaces of C(x) films containing 40 mass% of CaCl 2 to the total of C(x) and CaCl 2 , which were soaked in 1.5SBF for 7 d. Formation of spherical particles were observed on the surfaces of the films. Amount of spherical particles increased with increasing amount of carboxyl group. The spherical particles were identified with hydroxyapatite with low crystallinity by thin-film X-ray diffraction. Fig. 7 shows cross-section of C(50) film containing 40 mass% of CaCl 2 , which were soaked in 1.5SBF for 7 d . It is seen that hydroxyapatite layer with 2 µm in thickness was formed on both the surfaces of the film with 7 µm in thickness. These results mean that carboxyl group is effective for inducing heterogeneous hydroxyapatite nucleation on polyamide films, when they are modified with CaCl 2 . Fig. 8 shows SEM photographs of the surfaces of C(0) and C(50) films containing 40 mass% of CaCl 2 after soaking in 1.5 SBF for 7 d, which were then subjected to the Scotch ® tape peel-off test. The hydroxyapatite layer formed on the C(0) film was almost completely delaminated. In contrast, the apatite formed on the C(50) film was not removed; rather, the glue of the tape was observed to remain on the surface. The increased number of carboxy l groups resulted in a tighter bonding between the polymer substrate and the deposited hydroxyapatite. This means that carboxyl group is quite effective for not only inducing heterogeneous hydroxyapatite nucleation but also tight adhesion of the hydroxyapatite layer and the films.
HYDROXYAPATITE-NATURAL POLYPEPTIDE HYBRIDS
Not only synthetic polymer but also natural polypeptide can be available for substrates to precipitate the hydroxyapatite layer. The present authors examined hydroxyapatite deposition on natural polypeptides derived from crops by the biomimetic process 39 . Gluten derived from wheat and zein derived from corn were chosen as natural polypeptides. They are known to have carboxyl groups in their chemical structure.
Gluten solution was prepared by dispersing gluten powder in ethanol and subsequently adding ultrapure water, while zein solution was prepared by dissolving zein powder in acetone 40 . Films of gluten and zein were obtained by pouring of these solutions i nto a glass dish and drying at 60°C for 24 h. The films were treated with 1 kmol·m -3 CaCl 2 aqueous solution at 36.5°C for 24 h. The films were soaked in 1.5SBF at pH 7.25 containing 15.4 mol·m -3 of sodium azide Homogeneous films were obtained for both gluten and zein. Fig. 9 shows SEM photographs of the surfaces of gluten and zein films without and with treatment with 1 kmol·m -3 CaCl 2 solution, which were soaked in 1.5SBF for 7 d. Formation of fine particles was observed for both the films treated with CaCl 2 solutions after soaking in 1.5SBF for 7 d, but not for the films without the treatment. Fig. 10 shows thin-film X-ray diffraction patterns of the surfaces of gluten and zein films without and with treatment with 1 kmol·m -3 CaCl 2 solution, which were soaked in 1.5SBF for 7 d. Broad peaks assigned to low-crystalline hydroxyapatite was observed at 26 and 32° in 2θ for the treated films after soaking in 1.5SBF. These results indicate that natural polypeptides derived from crops have ability to form the hydroxyapatite on their surfaces in the biomimetic solutions with the aid of chemical modification with Ca 2+ . Both gluten and zein are known to have more than 30 mol% of acidic amino acids, i.e. aspartic acid and glutamic acid, as shown in Table 1 [41] [42] [43] . High concentration of such amino acids results in surface structure abundant in carboxyl groups.
Larger amount of carboxyl group in organic polymers would increase ability of the hydroxyapatite formation. The present authors then chose polyglutamic acid composed of only glutamic acid having carboxyl groups in side chain, as shown in Fig.  11 44 . Polyglutamic acid is known as a component of Natto, Japanese traditional food produced from soy bean 45 -46 . Powder of polyglutamic acid produced by Bacillus strain was dissolved in distilled water to form 5 mass% aqueous solutions. Then Ethylenediamine-2(N-hydroxysuccinimide) and 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide . 11 . Chemical structure of polyglutamic acid.
Fig. 12.
Thin-film X-ray diffraction patterns of the polyglutamic acid gels with and without CaCl 2 treatment, which were soaked in SBF for 7 d. hydrochloride (EDC·HCl) was added into the solution to progress cross-linking reaction. The solution was poured into a polystylene dish and kept at room temperature for 24 h. The gels obtained were treated with 1 k mol·m -3 CaCl 2 aqueous solution at room temperature for 24 h. The gels with and without CaCl 2 treatment were examined by soaking in SBF with pH 7.40 at 36.5°C for various periods up to 7 d. Fig. 12 shows thin-film X-ray diffraction patterns of the polyglutamic acid gels with or without CaCl 2 treatment, which were soaked in SBF for 7 d. Broad peaks assigned to low-crystalline hydroxyapatite were detected at about 26 and 32° in 2θ on the gels treated with CaCl 2 after 7 d, but not the untreated gels. This means that polyglutamic acid gels form the hydroxyapatite on their surfaces, when they are treated with CaCl 2 . Fig. 13 and 14 shows SEM photographs and EDX spectra of the surfaces of polyglutamic acid gels with or without CaCl 2 treatment, which were soaked in SBF for 7 d, respectively. Surface morphology of the untreated gels was almost the same as those before soaking. I n contrast, the assemble of the fine particles of the hydroxyapatite was formed on the treated gels. EDX spectra showed that the untreated gels as well as the treated gels gave peaks assigned to Ca and P. This means that even the untreated gels have a potential to precipitate a kind of calcium phosphate, although it is Fig. 13 . SEM photographs of the surfaces of polyglutamic acid gels with and without CaCl 2 treatment, which were soaked in SBF for 7 d.
Fig. 14.
EDX spectra of the surfaces of polyglutamic acid gels with and without CaCl 2 treatment, which were soaked in SBF for 7 d. not clear whether the formed calcium phosphate is hydroxyapatite. The calcium phosphate formation is significantly accelerated by the previous CaCl 2 treatment. Synthetic aromatic polyamide, g luten and zein formed the hydroxyapatite only after soaking in 1.5SBF. On the other hand, it is noted that the polyglutamic acid gels formed the hydroxyapatite even in SBF. This means that polyglutamic acid have higher potential of the hydroxyapatite formation than the other synthetic and natural polymers described in this paper, since SBF has lower degree of supersaturation with respect to the hydroxyapatite than 1.5SBF. Surface structure of the polyglutamic acid abundant in carboxyl groups would lead to high ability of the hydroxyapatite formation.
CONCLUSION
Inorganic-organic hybrids composed of calcium carbonate or hydroxyapatite, and various kinds of organic polymers can be designed by simple biomimetic process inspired by biomineralization. These hybrids are expected as novel functional materials such as bone-bonding bioactive materials and absorbants of organic compounds.
